Seventy-one plain chest images obtained by computed radiography (CR) with an imaging plate were interpreted on film and two kinds of cathode-ray tube (CRT) monitors installed separately at two facilities (1,024 x 1,536 pixels, 8 bits, and 1,024 x 1,280 pixels, 10 bits) by 20 radiologists and four chest internists. The clinical r of these 71 cases included pulmonary nodules and interstitial abnormalities. Image reading sessions were held over a total of 4 days, le, 2 days and then another 2 days, 3 weeks later. Twenty-four observers formed four groups with six members each. Two groups read either films or CRT images at one of the two facilities. In the second experiment, 26 of 71 images were compressed at 10:1, 19 of 71 were compressed at 20:1, and 26 were not compressed. Analyses of the areas under the receiveroperating characteristic curves showed no significant differences in detection of pulmonary abnormalities between film and CRT. In detecting interstitial pulmonary abnormalities, film was more sensitive than CRT monitor. There were no significant differences in observers' performances between the two different kinds of CRT workstation. Subjective evaluation of image quality showed that images irreversibly compressed to the ratios of 10:1 and 20:1 were inferior to original images. Although further considerations are needed with regard to spatial resolution requirements, image processing, and image compression, the utilization of CR CRT image as a substitute for CR film image will be possible.
others found soft copies unacceptable especially for the detection of subtle interstitial disease and pneumothorax. 1~ In addition, previous reports have indicated the possibility of CRT diagnosis of computed radiography (CR) images asa substitute for CR film diagnosis, although it may depend on the spatial resolution of CRT monitor, n,13q£ Another problem to be considered before PACS can be realized is irreversible image compression. With the use of an improved discrete cosine transformation technique, the upper limit of the compression ratio in interpretation of CR CRT chest images was 20:1 in small-scale receiver-operating characteristic (ROC) studies. ~7 However, not only studies within a single institution, but also large-scale cooperative experimental studies are necessary to more thoroughly evaluate the possibilities of CR CRT diagnosis and image compression. The present study conducted a large-scale reading experiment involving multiple observers from several medical institutions to assess the diagnostic efficacy of CRT images in comparison with film images, differences between two kinds of CRT monitors, and irreversible compression of images.
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O
WING TO THE DEVELOPMENT of computed radiography (CR) with imaging plates, digitization has become practical in the field of x-ray imaging. ~ One of the major requirements for implementation of a picture archiving and communication system (PACS) is that the images must be displayed on a cathoderay tube (CRT) monitor without loss of information. However, the quality of an image depends upon the performance of the CRT. There have been many reports on the effect of pixel size on the quality of digitized hard-copy film image and soft-copy CRT image. 2-v In a comparison of diagnostic efficacy between screen-film images and digitized images displayed on hard copy and soft copy, some authors reported that soft-copy images were acceptable, 8,9 whereas
MATERIALS AND METHODS
In the present study, CR images stored for a long periods of time on optical disks were displayed both on film and on two different kinds of CRT. Every image was read twice in each form, ora total of four times by 24 observers, and the results were compared.
The observers comprised a total of 24 physicians from 12 institutions. Twenty of 24 observers were diagnostic radiologists and 13 were board certified. Their level of experience asa diagnostic radiologists ranged from 3 to 25 years. Four of 24 observers were chest internists with 8 to 11 years clinical experience including interpretation of chest radiographs. They had no or limited experience with CRT monitors and interactive windowing.
Image reading sessions were held for a total of 4 days, le,
26
ISHIGAKI ET AL In both the first and second experiments, the same observers alternately viewed film images and CRT images, each for 1 day. That is, at these facilities, the 24 observers formed four groups of six members each (groups A, B, C, D). Each group read either film or CRT images displays on each day. The order of image reading was randomly assigned to each observer. In the second experiment, two groups read images at the same facilities as in the first experiments, whereas the other two groups read images at the facility other than that visited in the first experiment. The sequence of the facility in each group is shown in Table 1 . The CRT images used for reading were selected from images contributed by five institutions. A total of 71 images stored in reversibly compressed form were selected. Norte of the cases contained distinguishing or unique characteristics, such as an unusual foreign object of dominant pathologic finding to compensate for the short period between two reading sessions. The presence or absence of abnormality as well as the visibility of abnormality were determined by unanimous agreement among three radiologists who did not participate in the ROC study. The clinical categories of the 71 images were as shown in Table 2 . All image data used was collected on an optical disc and printed on a film. A pair of CR images (7 x 7 inches, 1760 x 1760 pixels, 0.2-mm spatial resolution, 10 bits) was printed on hard copy; one was produced with no image processing (default mode), whereas the other was processed with slight gradation and a frequency-processing mode. The images used in the first experiment comprised both film and CRT versions of the 71 uncompressed images, whereas in the second experiment, 26 of the former 71 images were compressed at 10:1, 19 of 71 were compressed at 20:1, and 26 were not compressed. The compression technique was commercially available Fuji CR mode with predictive coding for reduction of spatial redundancy. 1~
No reading time limit was set for either film and CRT images. Because the diagnostic accuracy obtainable by CRT reading is influenced by the illumination of the room, 19 the illumination of CRT reading room was adjusted to a range of 170 to 200 lux at both facilities. In the hard-copy CR film reading process, the images were interpreted on a conventional view box equipped with a black-border mask to exclude extraneous light. CR film images were diagnosed by observing a pair of images, ie, a left-hand image anda right-hand image. In the case of CRT images, gradation processing and zooming were freely available. Observers were requested to determine the presence or absence of pulmonary abnormalities with one of five levels of confidence (1, definitely absent; 2, probably absent; 3, equivocal; 4, probably present; 5, definitely present) and to make an entry regarding the site of lesion on a lung field scheme. In addition, possible specific diagnosis was listed with one of three levels (definite, almost definite, or suspected). For each case, the observers also noted the subjective evaluation of the image quality asa chest radiograph for diagnostic purposes on a three-stage scale (good, acceptable, and poor). Before the experiment started, each observer attended an introductory session in which several instructional cases were evaluated.
Conventional ROC curves for each observers were obtained by comparing the presence or absence of abnormalities with the observer's degree of certainty. For a comparison of paired ROC data, the area under each ROC curve was calculated from each binormal ROC curve, which was fit to the observer's confidence rating data by means of a maximum likelihood estimation. 2~ Statistical evaluation was performed using the method described by Hanley and McNeil. 22 Average ROC curves were obtained by averaging the binormal slope and intercept parameters of the individual observer's ROCs. For calculation of sensitivity and specificity, confidence scores of 2 and 4 were included with correct answers, and the confidence score of 3 was grouped with incorrect answers. Significance was evaluated by twoway analysis of variance, z3
RESULTS

ROC Analysis
Comparison between film and CRT images by individual observers showed no significant differences between film and CRT images on ROC analysis. There was no deference in performance between the two kinds of CRT monitor images used by individual observers in the facility-alternated group.
In comparison of film reading with CRT reading in each group, there were no significant differences (Table 3) . With respect to the overall total of 12 observers at both facilities (Table  4) , the overall total of 24 observers at the two facilities for the first and second experiments, and the total combined results (Table 5) , film and CRT reading were compared, but there were no differences detected. Moreover, no significant differences were observed between the two kinds of CRTs in groups A and B (Table 3) .
In comparing the order of observation during the 2-day sessions at the two facilities in the first and second experiments, no significant differ- ences were found between film and CRT reading (Table 6) . A group of five observers who were experienced chest radiologists with more than 10 years experience in reading chest radiographs as well asa group of five observers with less experience in reading chest radiographs (less than 5 years) were selected from among the observers, and comparison between films and CRT images was performed for each of these groups. The two groups showed no significant difference in performance (Table 7) .
Diagnostic Efficacy in Each Disease Category
Diagnostic efficacy of uncompressed original images was evaluated in the first experiment according to each disease category, ie, normal (n = 18), interstitial disease including granular and linear shadows (n = 11), nodular shadow between 11 and 30 mm in size (n = 11), and 10 mm and below in size (n = 24) except 7 cases not included in such categories. There was no significant difference between film and CRT in specificity and sensitivity in detecting pulmonary nodules. However, in detecting interstitial abnormalities, although the sensitivity for both techniques was low, CR film was significantly more sensitive than CR CRT (Table 8) .
Comparison of Diagnostic Efficacy Between Original Images in the First Experiment and Compressed Images in the Second Experiment
No statistically significant differences between original images and irreversibly com- pressed images were found both for film and CRT (Tables 9 and 10 ).
Analysis of lmage Quality
Image quality of 45 cases irreversibly compressed in the second experiment were compared with those not compressed in the first experiment by subjective evaluation in three stages. The results showed that for both film and CRT images, a high proportion of 10:1 and 20:1 compressed images were judged to be poor for clinical use, and significant differences from the original images were recognized (Table 11 ).
DISCUSSION
One of the fnal goals of the PACS is to use soft-copy display of various kinds of diagnostic imaging for primary interpretation by radiologists. CR is a suitable and important digital technique for implementation of PACS because plain radiograph and other projection radiographs are the most frequently obtained images in the diagnostic radiology department. The success of implementation of PACS is highly dependent on the functionality and performance of the viewing workstation. With regard to the comparison of film and CRT displays of CR images, reports have previously appeared concerning the capability for delineation oŸ fine structure and lesions. 13,14 Elaim et al H concluded that radiologists interpreting digital workstation images (1,024 • 1,536-pixel monitor) were significantly less sensitive for detecting pneumothoraces than film-screen and small format CR images, although no significant differences were found in the area under ROC curves. Razavi et al 15 concluded that chest CR images in children viewed in soft-copy PACS environment (2,048-• 2,048-pixel monitor) resulted in diagnoses similar to or slightly more accurate than those obtained in a laser-printed film-based environment. Frank et al 16 documented that a CRT display system (2,048-• 2,560-line monitor) can provide diagnostic information effectively equal to CR film for the abnormalities studied if the CRT image is displayed with spatial resolution compatible to hard copy and contrast resolution is sufficiently optimized on the CRT system. These results indicate that differences in the spatial resolution of digital workstation may have affected the sensitivity in detecting subtle abnormalities.
A carefully designed ROC study is an ideal method for analyzing the spatial requirement for diagnostic radiographs. In our ROC study, interstitial shadows and pneumothorax were chosen as a measure of the spatial-resolution requirement. Nodules were chosen as a test of contrast resolution because their detection depends on contrast with the background. Differences among observers and the number of observers also may affect the results of an ROC study. Not only studies within a single institution with a few observers, but also large-scale cooperative experimental studies are necessary to more thoroughly evaluate the possibilities CRT diagnosis. Thus, in the present study, large-scale reading tests involving multiple observers from several medical institutions were conducted to ameliorate such differences in the pooled results.
In evaluating the film and CRT images, because the same images were observed in both film and CRT form for 2 consecutive days during the first and second experiments, a question arose as to whether the memory of the images viewed on the previous day might affect the results of readings on the subsequent day. Accordingly, a group such that the image was first viewed as film anda group such that the image was first viewed on a CRT were distinguished, and the comparison showed no significant differences. Thus, the influence of this factor upon the analytical results appears to be slight. In the present study, comparison by the individual readers showed no significant differences between the diagnostic results obtained from films and CRT displays. The low sensitivity for both film and CRT monitor in detecting interstitial disease indicated that some cases were too severe to detect minor differences. Although analyses of the arca under the ROC curves showed no significant differences in detection of pulmonary abnormalities between film and CRT, lower sensitivity in detecting interstitial abnormalities on CRT than on film shown in this study may have been affected by the lower resolution of the CRT workstation in comparison to that with a 2 K-x 2 K-pixel matrix, as well as observers' unfamiliarity with the CRT workstation 11 and uneffective utilization image processing including zooming procedure and high-frequency edge-enhanced processing. 24 Further consideration with regard to spatial resolution requirements and image processing is needed. Regarding image compression, the proportion of subjective judgments indicating that even 10:1 compressed images were poor as chest radiographs was significantly higher than that of uncompressed images. However, there were no differences clearly associated with the compression ratio noted in diagnostic accuracy. The small number of cases in the respective groups may be one of the causes of this discrepancy. In addition, another reason for the discrepancy was the fact that diagnostic accuracy does not depend on spatial resolution alone (visibility of fine objects, such as the thin linear shadow of pneumothorax), but also on the categories of objects and other factors: contrast, density, size, and shape of objects. Previously reported studies of irreversible compression by ROC analysis have indicated that 10:1 compression is clinically suitable for detection of lesions on CR chest radiographs, ir Nevertheless, further studies are necessary to ascertain whether diagnostic utility is affected.
CONCLUSION
Film and CRT displays of 71 plain CR chest radiographs were each interpreted twice by 20 radiologists and four chest internists specializing in respiratory disease. The following conclusions were obtained. (1) Analyses of the arcas under the ROC curves showed no statistically significant differences in detection of pulmonary abnormalities bctween film and CRT. However, in detecting interstitial pulmonary abnormalities, film was more sensitive than the CRT monitor. (2) No differences in observers' performance were found between two different kinds of CRT workstation. (3) Subjective evaluation 
